Abstract-Strain/stress evolution during welding is essential to understand material's mechanical behavior and the formation of weld defects such as distortion, cracks and residual stresses. In-situ measurement of strain has been very challenging due to the impact from high temperature and intense arc light. In this work, a newly-developed integrated optical system was utilized to monitor material's thermal and strain field adjacent to the fusion line during GTAW process. It was found that the variation of the measurement data could be positively correlated to the change of welding parameters and the characteristics of the final weldment. The purpose of this work is to develop a real-time welding quality monitoring system to proactively prevent the formation of certain weld defects.
I. INTRODUCTION Gas tungsten arc welding (GTAW) is widely used in industry where high quality of component integrity and safety is required. It is crucial to eliminate weld defects such as partial penetration, cracks, incomplete fusion. Since detecting and repairing the weld defect is always time-consuming and expensive, real time monitoring and controlling welding process is necessary to avoid the formulation of those defects. In previously research [1] [2] [3] , defect such as lack of penetration and lack of fusion can be detected by measuring weld pool shape geometry in real time. Various sensing technique such as vision-based, thermal-based method has been investigated to control the bead width and penetration depth [4, 5] . Thermomechanical evolution during welding plays an important role in understanding material's mechanical behavior and the formation of weld defects such as distortion, cracks and residual stresses. The conventional contact strain measurement using strain gauge is not suitable for high temperature conditions. The non-contact techniques such as holographic measurement, electronic speckle pattern Digital image correlation (DIC) technique is a non-contact method that can measure the full-field displacement and strain on the material surface. It is relatively simple to setup for in-situ measurement. Although strain measurement using DIC has been studied [9] [10] [11] [12] [13] [14] [15] [16] and attempted in some welding applications for several years [16] [17] [18] [19] , in-situ DIC measurement during welding is still very challenging. First, the intense welding arc light affects the quality of the images obtained from camera sensor. Second, the speckle pattern on the surface is vulnerable to the high temperature. When the measurement gets close to the welding torch, the thermal and electromagnetic radiation imposes significant influence on the optical system. Previous studies have used DIC to measure the strain on the workpiece during arc welding [20, 21] . However, most of these experimental measurements were conducted far away from the fusion zone, or at the back side of the workpiece. Recently, a new high-temperature DIC has been successfully developed to measure the strain field adjacent to the weld pool [7] .
Thermal history in materials during welding is another critical factor affecting the quality of the weldment. Previous studies suggested non-uniform thermal expansion and liquid metal shrinkage near the weld pool result in weld distortion and residual stresses [21, 22] . Thermal analysis of welding process has been conducted by many researchers [7] . The infrared camera (IR) has been widely used to acquire the full temperature field. However, the IR camera only measures infrared intensity. Converting the IR intensity to real temperature remains challenging due to the uncertainty of emissivity [23, 24] .
In this paper, an integrated multi-sensor experiment setup was established to measure the full field strain and temperature change during arc welding. The strain was monitored using the newly-developed high-temperature DIC system [7] . The thermal field was measured by an IR camera with the assistance of thermocouples for emissivity calibration. The preliminary data show that, by varying welding current and speed, the measured strain and temperature fields, as well as the shape and size of the resultant weld bead, changed correspondingly.
II. EXPERIMENTAL METHOD

A. Experimental setup
The integrated experiment system for strain measurement is shown in Fig.1 . A camera was used to take the images of speckle pattern for DIC strain measurement. A number of special treatments were used to enhance the DIC image quality during welding. The 304 stainless steel specimen (200mm long, 100mm wide and 6mm thick) was clamped firmly on a strong backing plate. The distance between camera and the specimen surface was fixed at 15 cm. A special high-temperate speckle pattern that could survive up to the temperature of material's melting point was applied on the surface prior to welding for DIC measurement [7] . In order to calibrate surface emissivity to convert IR intensity to actual temperature, two sets of thermocouple were attached on the surface for temperature measurement at the pre-determined locations. As shown in Fig.1 , bead on plate GTAW experiment was conducted on the weld specimen with the plate in horizontal position. A 0.045 diameter ER308L filler wire was fed to the weld pool at 20 inch /min. The arc voltage was set at 12V. Argon shielding gas at 10 CFH flow rate was also applied to protect the surface from oxidation. Four welding trials with different welding currents and welding speeds were conducted with the welding parameters listed in Table 1 . To further investigate the influence of welding defect, the position of the weld feeder was changed to generate welding defect in experiment set IV. Figure 2 . In-situ strain measurement using DIC
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The DIC images were taken using the special optical and filtering system [7] . As shown in Fig. 2 , the interference from the welding arc was effectively suppressed. The liquid weld pool and weld bead could be partially observed. A 2mm-wide oxidation band was observed which affected the strain measurement by DIC. Thus, this region was excluded for the strain measurement. Strain calculation was conducted using VIC-2D software from Correlated Solution.
Normally the accuracy of strain measurement by DIC algorithm is on the order of 100 / [9] . However, in most welding applications, noise level as high as 1000 µm/m can be expected due to the arc light and high temperature [20] . This noise can be explained by the air turbulence near the hot weld pool surface causing shimmering and distortion of some of the DIC images. Thus, to reduce the noise, the strain data calculated by DIC was smoothed via Savizky-Golay filter pixel by pixel throughout the entire region of interest (ROI).
C. Temperature Field Measurement
The collimated IR image fame synchronized to the DIC image frame (Fig. 2) is shown in Fig. 3 . The IR intensity data in the same ROI as in Fig. 2 was extracted for further temperature calibration analysis. It is noted that the extracted IR intensity at each selected location was an average data within a set of neighboring pixels (corresponding to a region of approximately ø0.5mm) in the IR images. Then, the extracted IR data adjacent to the thermocouples were compared to the thermocouple measurement. The comparison is plotted in Fig. 4 . The measured data was fitted to a polynomial curve with least square estimation to implicitly represent the surface emissivity (IR intensity vs. temperature relation). It was also found that the surface condition within the ROI had negligible change after welding. Therefore, the fitting curve in Fig. 4 was further used to calculate the actual temperature throughout the ROI. Table 1 . The cross-section view in Fig. 6 shows the bead size after etching. Weld I had the largest fusion zone due to its high current and slow travel speed (consequently, high heat energy input calculated by equation 3) comparing to that of Welds II and III.
The E is the voltage, I is the welding current, v is the travel speed, is the heat transfer efficiency. As mentioned above, a data filtering method was applied to reduce the noise introduced by high temperature during welding. Fig.7 demonstrates the effectiveness of such filtering method. The raw DIC strain data has a noise level as high as 1000 µm/m. For all welds (I-III) in Table 1 , the strain field in essentially the same location (8 × 10 mm) was calculated. As shown in Fig. 8 , the strain field maps of three different welds are shown in the image frame when the liquid weld pool has just moved away from the ROI. Comparing the strain field between the three welds , the strain inside this area was largely reduced by varying the current, which indicates change of welding current (from 160A to 130A) had more influence on resultant transverse strain distribution than that of welding speed (from 7in/min to 10in/min) Figure. 8 Comparison of Full field strain calculation using DIC Two points inside the ROI were selected (2.5mm and 5mm from the fusion boundary) for further discussion. The strain curves of all three welds are plotted in Fig.9 . Overall, the transverse strain in both locations increased with the heat input. The strain at 2.5mm was higher than that at 5mm. The calibrated temperature history curves at the same two locations are also plotted in Fig.10 . Table 2 lists some of the feature of the experiment result. By comparing all the features, it is evident that changing the welding current had more effect on the strain rather than the temperature peak. On the other hand, reducing the welding travel speed increased the peak of temperature at same distance to the fusion boundary.
The preliminary results discussed above demonstrated the feasibility of utilizing the newly developed multi-optical sensing system to monitor the strain and temperature field changes at different welding conditions, and correlate them to the final weld attributes. With additional experimental data, such correlation can be potentially extended to establish a database to monitor and control the welding processes. In weld experiment IV, the wire feeding position was deliberately misaligned to generate defective weld bead as shown in Fig. 11 . The total strain measured at 2.5mm and 5mm away from the fusion boundary of the defective weld is shown in Fig.12 . The strain curves are much different from those of good welds in Fig. 9 , suggesting the potential to detect weld defects using in-situ DIC strain measurement. In this paper, in-situ strain measurement was conducted using DIC and IR multi-sensor system. The strain and temperature adjacent to the weld pool was successfully measured at 2.5 mm close to the edge of the weld. The noise of the DIC full field strain was reduced by filtering.
The experimental data show that changing welding current and speed, as well as the final weld characteristics, can be positively correlated to the variation of measured temperature and strain data. All these effort can provide addition guide to eliminate the potential defect during arc welding. 
